Pulsars are born with subsecond spin periods and slow by electromagnetic braking for several tens of millions of years, when detectable radiation ceases. A second life can occur for neutron stars in binary systems. They can acquire mass and angular momentum from their companions, to be spun up to millisecond periods and begin radiating again. We searched Fermi Large Area Telescope data for pulsations from all known millisecond pulsars (MSPs) outside of globular clusters, using rotation parameters from radio telescopes. Strong gamma-ray pulsations were detected for eight MSPs. The gamma-ray pulse profiles and spectral properties resemble those of young gamma-ray pulsars. The basic emission mechanism seems to be the same for MSPs and young pulsars, with the emission originating in regions far from the neutron star surface.
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A fter the discovery of pulsars, 15 years elapsed before instrumental and computing advances enabled the first radio detections of neutron stars with millisecond spin periods (1) . Similarly, 17 years after the launch of the Compton Gamma Ray Observatory (CGRO), the Large Area Telescope (LAT) on the Fermi Gamma-ray Space Telescope (formerly GLAST) is now revealing new classes of GeV gamma-ray pulsars. Here, we report LAT detections of pulsed gamma rays from eight galactic millisecond pulsars (MSPs), confirming the marginal detection of PSR J0218+4232 made using the Energetic Gamma Ray Experiment Telescope (EGRET) detector on CGRO (2), and including the first MSP seen with the LAT, PSR J0030+0451 (3). A companion article (4) describes the discovery of 16 young pulsars on the basis of their gamma-ray emission alone. In addition, the LAT has detected about 20 young, radio-loud pulsars (5-7). The AGILE collaboration has recently detected pulsed gamma-ray emission from an MSP in the globular cluster M28 (8) .
The Fermi LAT measurements of pulsars in all three of these categories will clarify how neutron stars accelerate the charged particles that radiate at gamma-ray and lower energies. Observed pulse profiles depend on the beam shapes and how they sweep across Earth; comparison of the radio, x-ray, and gamma-ray profiles constrains models of beam formation in pulsar magnetospheres. For gamma-ray pulsars, the high-energy emission dominates the power of the observed electromagnetic radiation (9) . Consequently, gamma rays provide a probe of these cosmic accelerators. Millisecond pulsars shine for billions of years longer than do normal pulsars. We now know that they can radiate brightly in gamma rays.
The LAT images the entire sky every 3 hours at photon energies from 20 MeV to >300 GeV (10) . Incident gamma rays convert to electronpositron pairs in tungsten foils, leaving tracks in single-sided silicon strip detectors that provide the photon direction. A hodoscopic CsI calorimeter samples the photon energy, and charged particles are rejected through the use of information from a segmented scintillator array.
MSPs form a distinct class, with small spin periods (P < 30 ms) and minuscule braking rates (Ṗ < 10
-17
). Most are in binary systems. The idea that they have been spun up by the torque resulting from accretion of mass from their companions (11) is supported by the recent observations reported in (12) . MSPs are 10 8 to 10 10 years old, whereas the young gamma-ray pulsars are 10 3 to 10 5 years old. Their surface magnetic fields are a factor of 10 4 weaker than when the neutron star first formed. However, both the rate of rotational kinetic energy loss,Ė ¼ 4p 2 IṖ=P 3 (on the assumptions of dipole magnetic fields and a neutron star moment of inertia I = 10 45 g·cm²), and the magnetic field at the light cylinder,
(where c is the speed of light), are comparable to those of newly formed pulsars (13) . On the basis of theoretical models of gamma-ray emission from MSPs, it was predicted that Fermi would detect roughly 10 pulsed detections in 1 year (14, 15) . The Australia Telescope National Facility (ATNF) pulsar database, V1.35 (16, 17) , lists 1794 spin-powered pulsars, of which 168 have P < 30 ms andṖ < 10 -17 . Of these, 96 are in globular clusters (18) . Here, we consider the 72 remaining field MSPs. A radio and x-ray pulsar timing campaign provided rotation ephemerides for Fermi (19) . MSP timing solutions were obtained from the Nançay Radio Telescope (20) , the Parkes Radio Telescope (21), the Green Bank Telescope (22) , the Lovell Telescope at Jodrell Bank Observatory (23), the Arecibo Observatory radio telescope (24) , and the Westerbork Synthesis Radio Telescope (25) . For six of the field MSPs, we used noncontemporaneous ephemerides from the ATNF database. The timing parameters used in this work will be made available on the servers of the Fermi Science Support Center (26) .
For the gamma-ray timing analysis, we used LAT data acquired from 30 June 2008 to 15 March 2009, selecting events with energy > 0.1 GeV that passed the diffuse gamma-ray selection cuts (10) . For pulsars with galactic latitude |b| > 10°, we selected events within 1°of the radio position; this threshold was reduced to 0.5°for |b| < 10°because of the bright gamma-ray background in the galactic plane resulting from cosmic rays interacting with the interstellar medium. LAT photon arrival times were recorded with an accuracy relative to UTC better than 1 µs (27).
Following this analysis, eight MSPs showed strong gamma-ray pulsations with H-test (28) values of >25 ( Fig. 1 and Table 1 ). Three are associated with EGRET sources: PSRs J0030+0451, J0218+4232, and J1614-2230. The latter was discovered in a radio search of unidentified EGRET sources (29) . All of the detected pulsars had con- Table 1 . Properties of the millisecond pulsars detected by Fermi. For each pulsar we give the galactic longitude and latitude (l, b), the rotational period P, the distance d, and the spin-down powerĖ. Pulsars marked "b" belong to binary systems. The distances come from parallax measurements except for the values marked by an asterisk, which are based on the dispersion measure. TheĖ values have been computed using period derivatives corrected for the Shklovskii effect (36). The d parameter gives the phase offset between the maximum of the radio emission and that of the nearest gamma-ray peak, and D is the peak separation for two-peaked gamma-ray profiles. Integral photon and energy fluxes over 0.1 GeV are given, as well as spectral indices, exponential cutoff energies, and gamma-ray emission efficiencies h. The systematic uncertainties stemming from the instrument response and the diffuse background are (-0.1, +0.3) for G, (-10%, +20%) for E c , (-10%, +30%) for the photon flux, and (-10%, +20%) for the energy flux. We also searched for steady point-source emission at the locations of the 72 field MSPs. For 13 locations, including those of the eight pulsed detections, emission exceeded the diffuse gammaray background by at least 5s. For the five sources for which only steady emission was seen, the 95% Fig. 1. (A to H) Gamma-ray and radio pulse profiles for the eight millisecond pulsars detected by Fermi. Two rotations are shown and each bin is 0.05 in phase, except for PSR J0030+0451 (A) where each bin is 0.02 wide. Gamma-ray photons are selected by energy above 0.1 GeV and according to the angular cuts discussed in the text, except for J0218+4232 and J1614-2230, for which a 0.5°cut was used because of the proximity of the blazar 3C66A for the former and the hard spectrum for the latter. The horizontal dashed lines show the background level estimated from a surrounding ring. The lower panels show the radio profiles phased relative to the gamma-ray pulses as emitted from the pulsar. We used the spectral likelihood methods described in (30) (see supporting online text). To reduce the background from cosmic-ray interactions in the upper atmosphere, we required photon zenith angles to be less than 105°and excluded time periods when Earth's limb came within 28°of the source. Because of uncertainties in the instrument response, we rejected events with energies below 0.2 GeV. We modeled the gamma-ray spectra with an exponentially cut-off power law of the form N 0 E −G exp½−ðE=E c Þ, where E is the photon energy, E c is the exponential cutoff energy, G is the spectral index, and N 0 is a normalization factor ( Table 1 ). The cutoff energies ranged from 1 GeV to almost 4 GeV (neglecting the J0218+4232 cutoff, which has a large error) and the spectra were hard (G < 2). Overall, the MSP spectral shapes resembled those of young pulsars.
Pulsar name
We converted the integral energy fluxes h to luminosities using L g = 4phd 2 , where d is the pulsar distance. This corresponds to a flux correction factor f W = 1, appropriate for a fan-like beam as given by outer-magnetosphere emission models (31) . Six of the pulsars are close and have parallax distance measurements (32) (33) (34) , although uncertainties are large in some cases. The distances to PSR J0218+4232 and PSR J1614-2230 are based on the dispersion measures and the NE2001 galactic electron density model (35) . MSPs have low intrinsicṖ values and are relatively close; hence, the kinematic Shklovskii contribution (36)Ṗ s ¼
Pm
2 d=c (where m is the proper motion) is nonnegligible.Ṗ s is subtracted from the observedṖ before computing the spin-down powerĖ and the corresponding gamma-ray efficiency h ¼ Lg=Ė (Table 1) . Uncertainties inĖ are generally a few percent or less, except for PSRs J1614-2230 and J2124-3358, where they are larger (60% and 32%, respectively) because the large uncertainty in the distance leads to a correspondingly large uncertainty inṖ s . Uncertainties in h are much larger because L g~d 2 and hence the effect of the distance uncertainty is doubled. Such a large efficiency for PSR J1614-2230 would indicate that the distance is overestimated. Reducing the distance would both reduce the Shklovskii correction (thereby increasingĖ) and decrease L g . Other possible systematic uncertainties in thė E and h values come from the neutron star moment of inertia, which is assumed to be 10 45 g·cm 2 . Measured values of neutron star masses cover a range from about 1.25 to 1.75 solar masses (37, 38) , and the estimated moments of inertia vary correspondingly (39) . Also, the flux correction factor f W may differ from the assumed value of 1 (31) .
Five of the eight gamma-ray MSPs are in binary systems. An eclipsing orbit, or interactions with the stellar wind of the companion, could affect the gamma-ray flux. We found no flux variability at their orbital periods (<25% of the flux at the 95% confidence level).
The observed MSP gamma-ray profiles and their relation to the radio profiles are similar to those observed for young pulsars. For PSRs J0030+0451 and J1614-2230, the double-peaked profiles with separation D~0.45 and first-peak lag d~0.15 are almost identical to observed profiles for most young pulsars (5) (6) (7) 30) . A higher proportion of MSPs have a dominant single gammaray peak at d~0.5, but the young pulsar PSR J2229+6114 has a similar pulse profile. For both MSPs and young pulsars, the gamma-ray peaks (single or multiple) are centered on phases 0.3 to 0.4 relative to the radio peak. MSP radio profiles tend to be complex with many components, and in these cases it can be difficult to identify the relevant radio phase. Also, the statistics of the gamma-ray profiles are currently relatively poor.
The spin-down powers of all the detected millisecond and normal gamma-ray pulsars lie above a common threshold of~5 × 10 33 ergs s -1 kpc -2 , another similarity between these two classes (Fig.  2) . Pulsars undetected in gamma rays of both classes lie above this threshold, possibly because (i) distance estimates may be in error for individual pulsars; (ii) the gamma-ray emission beam (or at least strong parts of it) may not sweep across Earth; or (iii) neutron star moments of inertia may be less than the assumed 10 45 g·cm 2 for some pulsars, so that a givenṖ corresponds to a smallerĖ.
Polar cap MSP models, where the bulk of the emission originates near the surface of the neutron star, predict that the pulsed gamma rays are roughly aligned with the magnetic poles (40) . In outer gap (OG) (41) and slot gap (SG) (42) models, the bulk of the emission originates in the outer magnetosphere in narrow gaps along the last open field lines, forming wide fan beams that are not aligned with the magnetic poles. In the MSP gamma-ray light curves in Fig. 1 , we see that although some of the gamma-ray peaks are aligned with the radio peaks that are thought to be aligned with the magnetic poles, most are not. This favors the outer-magnetosphere model geometry.
The similarities of the gamma-ray pulse profiles, theĖ dependence, and the spectral properties strongly suggest that the same basic emission mechanism is operating in both classes. Magnetic field strengths at the neutron star surface, derived assuming dipole fields, differ by four orders of magnitude between MSPs and young pulsars. On the other hand, B LC is comparable for both. Fermi data for young pulsars (5-7, 30) favor outermagnetosphere emission models over models where the emission comes from close to the polar cap.
The MSP models (40-42) assume curvature radiation from electrons whose energies arise from a balance between acceleration by the pulsar electric field and the curvature radiation loss in a dipole magnetic field. The cutoff energy thus directly measures the accelerating electric field. The observed values in the range 1 to 4 GeV indicate that the emission is not taking place near the surface-where the electric field is stronger and the cutoff energies for MSPs would reach 10 GeV and could exceed 50 GeV (43)-but at some altitude above the neutron star surface.
For current SG and OG models, only MSPs with the highest spin-down power have a high enough electric potential for electron-positron pair production. Most of the MSPs detected by Fermi are below this threshold. Thus, some revision of the outer-magnetosphere models is needed. Surface magnetic fields may be stronger than assumed, perhaps because of magnetic multipoles or more compact neutron stars. Alternatively, the magnetic field at the light cylinder may play a greater role in particle acceleration than has been assumed. We report a correlation between the microstructure of the anode electrode of a solid oxide fuel cell (SOFC) and its electrochemical performance for a tubular design. It was shown that the electrochemical performance of the cell was extensively improved when the size of constituent particles was reduced so as to yield a highly porous microstructure. The SOFC had a power density of greater than 1 watt per square centimeter at an operating temperature as low as 600°C with a conventional zirconia-based electrolyte, a nickel cermet anode, and a lanthanum ferrite perovskite cathode material. The effect of the hydrogen fuel flow rate (linear velocity) was also examined for the optimization of operating conditions. Higher linear fuel velocity led to better cell performance for the cell with higher anode porosity. A zirconia-based cell could be used for a low-temperature SOFC system under 600°C just by optimizing the microstructure of the anode electrode and operating conditions.
Impact of Anode Microstructure on Solid Oxide Fuel Cells
A lthough solid oxide fuel cells (SOFCs) are available commercially for local and emergency power generation, there are materials challenges that must be overcome for their wider use (1) (2) (3) (4) (5) . Some of the features that make them attractive-their high efficiency and use with hydrocarbon fuels-stems from their high operating temperatures (often in excess of 700°C). These high temperatures are also a drawback in that transition metals used in the electrode materials can diffuse into the electrolyte and lower performance and, ultimately, lifetime. Thus, lowering the operation temperature can be beneficial for the commercialization of SOFC systems, since it can offer quick start-up ability, which in turn can allow for their use in applications such as transportable power sources and auxiliary power units for automobiles. Many studies of SOFCs aim at lowering their operating temperature (6) (7) (8) (9) (10) (11) (12) (13) 
